Abstract: Gene silencing targeting proangiogenic factors have been shown to be a useful strategy in the treatment of corneal neovascularization (CNV). Among interference RNA (RNAi) molecules, short-hairpin RNA (shRNA) is a plasmid-coded RNA able to down-regulate the expression of the desired gene. It is continuously produced in the host cell, inducing a durable gene silencing effect. The aim of this work was to develop a solid lipid nanoparticle (SLN)-based shRNA delivery system to downregulate metalloproteinase 9 (MMP-9), a proangiogenic factor, in corneal cells for the treatment of CNV associated with inflammation. The nanovectors were prepared using a solvent emulsification-evaporation technique, and after physicochemical evaluation, they were evaluated in different culture cell models. Transfection efficacy, cell internalization, cell viability, the effect on MMP-9 expression, and cell migration were evaluated in human corneal epithelial cells (HCE-2). The inhibition of tube formation using human umbilical vein endothelial cells (HUVEC) was also assayed. The non-viral vectors based on SLN were able to downregulate the MMP-9 expression in HCE-2 cells via gene silencing, and, consequently, to inhibit cell migration and tube formation. These results demonstrate the potential of lipid nanoparticles as gene delivery systems for the treatment of CNV-associated inflammation by RNAi technology.
Introduction
Corneal inflammation, or keratitis, may be caused by many underlying illnesses, including dry eye, eyelid injuries, physical and chemical traumas, and microbial infections (the major cause of corneal inflammation development) [1] . In developing countries, herpes simplex virus type I is the leading cause of keratitis-associated infectious blindness [2] . Common symptoms of keratitis are local pain, tearing, photophobia, blurry vision and ocular redness. When keratitis becomes chronic, visual disturbances occur and often results in tissue damage that leads to corneal ulceration, corneal wound healing, and even perforation, causing visual impairment and blindness [3] .
Matrix metalloproteinases (MMPs) are a group of enzymes with a key role in the different phases of the corneal inflammation, from the onset of the epithelial defect to its resolution [4, 5] . Among the enzymes included in this group, MMP-9 is one of the primary extracellular matrix remodeling enzymes that participate in pathological conditions of the cornea, including corneal Inc. (Alabaster, AL, USA), Tween 80 and dichloromethane were obtained from Panreac (Madrid, Spain). Nile Red, protamine sulfate salt Grade X (P), dextran (Mw of 3.26 KDa) (DX), deoxyribonuclease I (DNase I), sodium dodecyl sulfate (SDS), human insulin solution, and the Cell Counting Kit-8 (CCK-8) were obtained from Sigma-Aldrich (Madrid, Spain). The plasmid encoding a short-hairpin interference RNA against MMP-9 (p-shRNA-MMP-9; 4993 bp) and the plasmid encoding both a short-hairpin interference RNA against MMP-9 and the green fluorescent protein (GFP) (p-shRNA-MMP-9-GFP; 6675 bp) were obtained from GeneCopeia (Rockville, MD, USA). GelRed™ was obtained from Biotium (Fremont, CA, USA), and the materials used in electrophoresis on agarose gel were purchased from Bio-Rad (Madrid, Spain).
The human corneal epithelial (HCE-2) cell line and human umbilical vein endothelial cells (HUVEC) were supplied by American Type Culture Collection (ATCC, Manassas, VA, USA). For the cell culture, Dulbecco's Modified Eagle's Medium/Nutrient Mixture F-12 with Gluta MAX™ (DMEM/F-12 with GlutaMAX), Medium 200, Large vessel Endothelial Supplement (LVES), fetal bovine serum (FBS), and penicillin-streptomycin were acquired from Life Technologies (Thermo Fisher Scientific, Madrid, Spain). Epidermal growth factor (EGF) was obtained from Miltenyi Biotec (Madrid, Spain), and Trypsin-EDTA (ethylenediaminetetraacetic acid) from Lonza (Basel, Switzerland). Recombinant human tumor necrosis factor alpha (TNF-α) was obtained from Peprotech (London, UK), the Reporter Lysis Buffer (RLB) was purchased in Promega Biotech Iberica (Madrid, Spain), and the Micro BCA™ Protein Assay Kit and Geltrex ® LDEV-Free Reduced Growth Factor Basement Membrane Matrix from Thermo Scientific (Madrid, Spain).
Paraformaldehyde (PFA) was purchased from Panreac (Madrid, Spain) and phosphate buffered saline (PBS) and 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) buffer was purchased from Gibco (Thermo Fisher Scientific, Madrid, Spain). Transfectin ® was acquired from Bio-Rad (Madrid, Spain). Enzyme-Linked Immuno Sorbent Assay (ELISA) for MMP-9 with the Duo Set Ancillary reagent kit was purchased from R&D Systems (Minneapolis, MN, USA).
The goat monoclonal anti-hMMP-9 antibody and Alexa Fluor 568-conjugated donkey anti-goat IgG were obtained from Abcam (Cambridge, MA, USA), and 4 ,6-Diamidine-2 -phenylindole dihydrochloride (DAPI) Fluoromount-G ® was obtained from SouthernBiotech (Birmingham, AL, USA).
Methods

Elaboration of the p-shRNA-MMP-9-Bearing Vectors
Different formulations based on SLN, dextran (DX), protamine (P), and plasmids (p-shRNA-MMP-9 or p-shRNA-MMP-9-GFP) were prepared as previously described [27] . First, SLNs were prepared with Precirol ® ATO 5 (Gattefossé, Madrid, Spain), DOTAP, and Tween 80, by using a solvent emulsification-evaporation technique. The final nanocarriers were formed by the addition of a complex previously prepared with P, p-shRNA-MMP-9, and DX. The vectors were formed with the following component ratios (w/w), expressed as DX/P/p-shRNA-MMP-9/SLN: 1/2/1/5, 1/1/1/5, 2/1/1/5 and 2/0.5/1/5.
The Characterization of the Vectors
The plasmid, the complex of DX, P and the plasmid (component ratios (w/w) 2:1:1, respectively), and the final vector were subjected to electron microscopy negative staining for visualization. The vector suspension (10 µL) was adhered onto glow-discharged carbon coated grids for 60 s. The liquid remaining was removed by blotting on filter paper and the samples were stained with 2% uranyl acetate for 60 s. A JEOL JEM 1400 Plus transmission electron microscope (TEM, Tokyo, Japan) was used to obtain digital images.
The Correlation Spectroscopy (PCS) technique was used to measure the particle size and the polydispersity index and Laser Doppler Velocimetry (LDV) was used to measure the Z potential of the vectors. These measurements were carried out in a ZetaSizer Nano ZS (Malvern Panalytical, Malvern, UK). We analyzed the ability of the nanocarriers to bind the DNA, to protect it against DNase I digestion, and to release it by electrophoresis on 1% agarose gel containing Gel Red™ (30 min at 120 V). An Uvidoc D-55-LCD-20 M Auto transilluminator (Uvitec, Cambridge, UK) was used to analyze the gels. The vectors were diluted in MilliQ™ water (Merck Millipore, Madrid, Spain) up to a final concentration of 0.03 µg DNA/µL. To evaluate the capacity of the plasmid to be released, the vectors were treated with 4% sodium dodecyl sulfate (SDS) solution. For DNase I protection evaluation, a concentration of 1 U DNase I/2.5 µg DNA was added to the vectors and then the mixtures were incubated 30 min at 37 • C. Afterward, the p-shRNA-MMP-9 was released from the SLNs with SDS. An untreated 1-kb DNA ladder from NIPPON Genetics Europe (Dueren, Germany) was added as a molecular weight (MW) control.
Cell Culture Conditions
The HCE-2 cell line was maintained in DMEM/F-12 GlutaMAX medium supplemented with 15% (v/v) heat-inactivated fetal bovine serum (FBS), insulin (4 mg/mL), EGF (10 ng/mL), and penicillin-streptomycin (1%). Cells were incubated with 5% CO 2 at 37 • C and subcultured every 7 days using trypsin/EDTA. Cells from passages 1 to 4 were used to perform all in vitro assays.
In Vitro Transfection Assays
For in vitro transfection, cells were seeded on 24-well plates at a density of 1 × 10 5 cells/well and were allowed to adhere overnight. Cells were transfected with the vectors at a plasmid dose of 2.5 µg and maintained for 30 min at 37 • C and 5% CO 2 . Four hours after the addition of the vectors, the media were replaced, and the cell culture was allowed to grow up to 72 h at 37 • C and 5% CO 2 .
Percentage of Transfected Cells and GFP Production
To evaluate the rate of cells transfected, the vectors were prepared with the p-shRNA-MMP-9-GFP plasmid. The percentage of transfected cells was measured using a CytoFLEX (Beckman Coulter, Indianapolis, IN, USA) flow cytometer. Cells were rinsed with PBS (three times), separate from plates, and resuspended in PBS. Finally, samples were evaluated by flow cytometry at 525 nm collecting 1 × 10 4 events per sample. The amount of intracellular GFP, in terms of relative fluorescence units (RFU)/mg total protein, was quantified by fluorometry. To do that, the culture media were substituted with 300 mL of 1× reported lysis buffer (RLB) and frozen. The cells were then scraped and centrifuged at 4 • C and 12,000× g for 2 min. The GFP fluorescence in the supernatant was measured by using a Glomax™ Multi-Detection System (Promega Biotech Iberica, Madrid, Spain). The fluorescence was corrected by the amount of protein, quantified by a Micro BCA™ Protein Assay kit (Thermo Scientific, Madrid, Spain).
Silencing of MMP-9
In order to know the capacity of the nanocarriers bearing the p-shRNA-MMP-9 plasmid to downregulate the MMP-9, we transfected HCE-2 cells using the same protocol described above. A p-shRNA-scramble (shRNAscr) plasmid and a naked p-shRNA-MMP-9 plasmid were used as negative controls. The silencing activity was evaluated at 72 h by measuring the MMP-9 secreted to the culture medium, and by detecting the MMP-9 at an intracellular level. The amount of MMP-9 secreted by the cells was measured in the culture medium by an ELISA kit (R&D Systems, Minneapolis, MN, USA).
The presence of MMP-9 in HCE-2 was evaluated by immunocytochemistry. For this purpose, untreated and transfected cells were seeded in 24-well plates with cover glasses in the bottom that were previously treated with the attachment factor protein (Thermo Fisher Scientific, Madrid, Spain). After adequate washing in PBS, the cells were blocked and permeabilized with PB buffer, 0.3% Triton X-100, 10% donkey serum for 30 min. A goat monoclonal anti-MMP-9 antibody in PBS buffer (2.5% donkey serum, 0.1% triton X-100) was then added and maintained for 1 h. After 3 more washes with PBS, the cells were dyed with the secondary antibody Alexa Fluor 568-conjugated donkey anti-goat IgG for 1 h in the dark. Finally, the nuclei were dyed with the mounting media DAPI Fluoromount-G ® (SouthernBiotech, Birmingham, AL, USA). The specificity of the staining was controlled by incubating cells without the primary antibody. The images were obtained with an inverted fluorescence microscope (Nikon TMS, Izasa Scientific, Madrid, Spain) at 40× magnification. Intracellular MMP-9 was also evaluated in HCE-2 cells previously stimulated with 10 ng of TNF-α, a proinflammatory mediator, for 6 h.
Cell Viability
We measured the viability of the HCE-2 cells treated with the nanocarriers with the CCK-8 assay following the manufacturer's protocol. In short, the cells were seeded in a 96-well plate at a density of 1 × 10 3 cells/well and incubated overnight at 37 • C in a CO 2 incubator followed by transfection with the different vectors. CCK-8 reactive solution was added to each well, incubated at 37 • C for 4 h. Finally, the absorbance was measured in a microplate reader at 450 nm.
Cellular Uptake of Non-Viral Vectors
The internalization of the vectors by the HCE-2 cells was studied using a CytoFLEX flow cytometer. For this purpose, SLNs were labeled with the fluorescent Nile Red dye (λ = 590 nm) as previously described [28] . The cells were treated with the nanosystems for 2 h, resuspended in PBS and analyzed by flow cytometry at 610 nm, collecting 1 × 10 4 events per sample.
Intracellular Disposition of the Vectors
In order to know the intracellular disposition of the plasmid, cells were seeded at a density of 100,000 cells and 1 mL per well and incubated at 37 • C and 5% CO 2 for 24 h in Millicell EZ slides (Merck Millipore, Madrid, Spain). Then, they were then treated with vectors containing the plasmid labeled with ethidium monoazide (EMA; Dro Byosystems S.L., San Sebastian, Spain). After 4, 12, and 24 h, the slides were rinsed with PBS and fixed with 4% PFA. Nuclei were labeled with DAPI Fluoromount-G ® (SouthernBiotech, Birmingham, AL, USA), and images were captured with the inverted fluorescence microscope (Nikon TMS, Izasa Scientific, Madrid, Spain)
Cell Migration Assay
The effect of the formulations on the migration of HCE-2 cells was studied using a wound healing assay. For this purpose, HCE-2 cells were grown to confluence in 24-well plates coated with attachment factor containing gelatin (substrate of MMP-9) and a linear wound was created with a pipette tip. Afterward, cultures were rinsed twice with PBS to remove detached cells and 1 mL of fresh serum-free medium was added. Untreated cells, cells treated with the vector (corresponding to a plasmid dose of 2.5 µg), and cells stimulated with 10 ng of TNF-α were allowed to migrate at 37 • C under 5% CO 2 . After 4 h, the medium was changed by a 1 mL complete medium. The wound width was measured at 7 different points at 7, 24, and 48 h. The relative distance filled was calculated with the formula: m = (1 − n t /r) × 100%, where m is the migration, n t is the width of the scratch at time t, and r is the initial width of the scratch [29] . Blank nanoparticles were also assayed.
HUVEC Tube Formation Assay
The HUVEC cell line was employed to evaluate whether MMP-9 downregulation is able to inhibit capillary tube formation. HUVEC cells were seeded onto Geltrex ® LDEV-Free Reduced Growth Factor Basement Membrane Matrix in 96-well plates and the culture medium was replaced with conditioned culture medium from HCE-2 cells untreated or treated with vector III, TNF-α, or TNF-α plus vector III. The plates were incubated at 37 • C, and tube formation was evaluated after 15 h of incubation under an optic inverted microscope. Morphometric measurements in captured images were obtained using the ImageJ software (National Institutes of Health, Bethesda, MA, USA) [30] .
Statistical Analysis
Significant differences between groups were analyzed with IBM SPSS Statistics for Windows, Version 23.0. (IBM Corp, Armonk, NY, USA). Normal distribution data were assessed by the Shapiro-Wilk test, and homogeneity of variance using the Levene test. The formulations were compared with the ANOVA test. Results are expressed as mean ± standard deviation and p values of less than 0.05 were regarded as statistically significant. Figure 1 shows images of the p-shRNA-MMP-9 plasmid, the DX:P:p-shRNA-MMP-9 complex, and the DX:P:p-shRNA-MMP-9:SLN vector, acquired by TEM. We can observe that the plasmid, in dark, appears highly condensed after the binding to protamine and dextran. The picture also shows the spherical shape of the final vector.
Results
Characterization
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Discussion
Among the different strategies used in the treatment of CNV-associated inflammation, gene silencing has been shown to be useful for targeting proangiogenic factors. In a previous study [31] , two plasmids encoding shRNA targeted against MMP-9 were effective to inhibit MMP-9 enzyme expression after intrastromal injection into the cornea of mice, stopping angiogenesis and decreasing the severity of herpetic keratitis. The authors concluded that the in vivo therapeutic application depends on the availability of efficient vehicles to deliver the RNAi to the target cells with low toxicity and in a method suitable for repeated administrations. In this regard, in the present work, we have developed vectors containing a shRNA against MMP-9 to be useful for the treatment of CNV. The systems are composed of SLNs, protamine, and dextran. The protamine has shown to increase the transfection efficacy of non-viral vectors due to its high ability to condense the genetic material, and therefore, to protect it from degradation, facilitate the entry into the nucleus, and to enhance transcription [32] [33] [34] . A polysaccharide, dextran, was also included because it is biocompatible and has demonstrated to contribute to nucleic acid delivery; moreover, it shows low cytotoxicity, is easily subject to chemical modification, have stealth properties, and is widely used for pharmaceutical and biomedical applications [35, 36] . For the formation of the vectors, the complex dextran-protamine-plasmid is adsorbed on the nanoparticle surface, playing the electrostatic interactions between the components a fundamental role. The plasmid is highly condensed by the protamine and the cationic lipid, and dextran modulates these interactions, conditioning the final structure (Figure 1 ) and the physicochemical characteristics of the vectors.
All nanosystems that we prepared showed suitable features for transfection: particle size in the range of nanometers, and the ability to bind, release, and protect the p-shRNA-MMP-9 against nucleases. It is important to consider that the transfection success of a non-viral system depends on the equilibrium between the capacity to condense and release the DNA [37] . This balance is conditioned by the nature and proportion of the components in the vector, which bind the genetic material by electrostatic interactions, as mentioned above. Accordingly, vector IV, which was prepared with the lowest proportion of protamine, provided the lowest protection against DNase I.
All vectors were able to transfect HCE-2 cells, with vector III being the most efficacious in terms of percentage of cells transfected and the amount of protein expressed as well. The higher efficacy of vector III was confirmed when we measured the protein MMP-9, secreted by the HCE-2 cells. This vector was able to induce a decrease of approximately 30% in the amount of MMP-9 protein synthesized by the cells. The effect of the vector is related to extensive internalization and to the ability of the plasmid to be released in the cytoplasm close to the nuclear membrane, as Figures 6 and 7 show.
Once we demonstrated the efficacy in silencing MMP-9 in HCE-2 cells, an SLN-based vector was evaluated in TNF-α stimulated cells. TNF-α is a proinflammatory mediator that plays an important role in a variety of corneal diseases [38] . It disrupts the barrier function of human corneal epithelial cells and contributes to ocular inflammation [39, 40] . TNF-α is reportedly elevated in corneas from individuals suffering keratitis [40] , and this cytokine has been shown to stimulate MMP-9 activity in HCE cells [6] . We confirmed the increase in MMP-9 levels after the stimulation of the HCE-2 cells with TNF-α and the ability of the SLN-based vector to reduce the production of the MMP-9 in TNF-α-induced cells. These results indicate the suitability of TNF-α induced HCE-2 cells as an in vitro model to evaluate new formulations based on the MMP-9 downregulation for CNV.
MMPs are enzymes that are capable of cleaving numerous extracellular matrix proteins, which facilitates the migration of corneal epithelial cells to the underlying stroma [41] [42] [43] [44] . Actually, the increased production and activity of MMPs are related to a more migratory and invasive cell phenotype [45, 46] ; conversely, the reduction of MMP-9 in HCE cells inhibits cell migration [47] . The suppression of the production of MMP-9 in the ocular surface contributed to the improvement in the corneal barrier function in a model of dry eye mice [48] . In our study, vector III was able to decrease the migration of HCE-2 cells. This effect can be related to the inhibition of MMP-9 production. MMP-9 degrades type IV collagen and gelatin substrates [49] , and, therefore, a decrease in MMP-9 levels will result in a lower capacity to degrade the gelatin, used in this study as extracellular matrix protein. This strategy may be clinically helpful for the treatment of corneal diseases in which MMP-9 activity and inflammatory cytokines are upregulated.
As mentioned above, MMP-9 has also been revealed to play an important role in angiogenesis and, specifically, in angiogenesis associated with herpetic keratitis [50] . Corneal avascularity relies on the balance between proangiogenic and antiangiogenic factors. When the counterbalance between both kinds of factors shifts toward proangiogenic factors, new blood vessels grow from pre-existing vasculature at the pericorneal plexus [51] . In response to a stimulus such as an injury, the corneal epithelial cells release angiogenic growth factors that bind to receptors on the vascular endothelial cells of pericorneal vessels [9] , and although CNV occurs in the corneal stroma, it is regulated by corneal epithelium-expressed factors. Vector III was able to partially suppress the tube formation in an in vitro HUVEC tube formation assay. Morphometric measurements revealed that total master segment length, the number of meshes, total segments length, and total length decreased when the HUVEC cells were supplemented with the conditioned culture medium from HCE-2 cells treated with the vector. The magnitude of the inhibition of the tube formation was in the same order as the reduction of the secreted MMP-9 levels by the HCE-2 cells. The effect of our vector was observed also for TNF-α-stimulated cells. We previously showed, in rabbit corneal explants, the ability of SLN to transfect different layers of the cornea [20] . Therefore, we expect that after the in vivo topical administration of the vector, MMP-9 downregulation could have effects not only in epithelial cells, but also in stromal keratocytes and even vascular endothelial cells, which are also involved in CNV, contributing to the total effect.
In conclusion, we demonstrated the ability of non-viral vectors based on SLN to downregulate MMP-9 expression in HCE-2 cells by gene silencing and, consequently, to inhibit cell migration and tube formation. These results highlight the potential of lipid nanoparticles as gene delivery systems for the treatment of CNV-associated inflammation by RNAi technology. The next step to assess the potential of this new vector will be to move towards in vivo studies.
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